HIGHLIGHTS  Based on current emissions, mean water table decline in these wetlands will likely range from 25 to 65 cm by 2100.  Projected changes could lead to a decline or loss of the important ecosystem services that wetlands provide to society.  Results indicate a potential need to allocate more resources to developing strategies for managing wetlands.
function, and persistence (Fretwell et al., 1996) , the ecosystem services that wetlands provide may be altered or lost because of climate change.
In North Carolina, wetlands are at risk from climate change due to higher temperatures, shifting precipitation patterns, and sea level rise. In precipitation-dependent interstream divide wetlands in eastern North Carolina, climate change-driven changes to hydrology could lower water tables and lead to oxidation and loss of the organic soils (Erwin, 2009 ). In some areas of eastern North Carolina, agricultural drainage has already resulted in soil subsidence of up to 1 m (Ewing and Vepraskas, 2006) . Lower water tables in organic soil wetlands can also increase the susceptibility to peat fires (Turetsky et al., 2011) . In addition, as population growth drives increased anthropogenic water demand through the 21st century, there may be less water available for wetland ecosystems (Middleton and Souter, 2016) . These impacts could be particularly severe in the Coastal Plain, which is home to 95% of North Carolina's 5 million wetland acres (Fretwell et al., 1996) .
While the southeastern U.S. has experienced less warming than other regions of the U.S. during the 20th century, the mean annual temperature has increased steadily since 1980, and the first decade of the 21st century was the warmest on record for the southeastern U.S. (Kunkel et al., 2013) . The mean annual temperature is projected to increase by 2.2°C to 4.4°C (25th and 75th percentiles of projections) in the southeastern U.S. during the 21st century (Carter et al., 2014) . In addition to higher mean temperature, the southeastern U.S. will experience more extreme temperature regimes. For example, in North Carolina, the number of days per year with maximum temperature exceeding 35°C is projected to increase by 100% to 300% this century (USEPA, 2016) . The Third Coupled Model Intercomparison Project (CMIP3) ensemble of climate models indicates variable projections for changes in precipitation; however, a majority of models show modest increases in North Carolina and Virginia (Kunkel et al., 2013) , along with an increase in extreme precipitation events (Carter et al., 2014) . Higher precipitation and evapotranspiration (because of higher temperatures) may offset the hydrologic impacts on wetlands (Johnson et al., 2005) , but this has not been evaluated with long-term simulations for wetlands in North Carolina.
A great deal of uncertainty is associated with the projected impacts of climate change on wetlands (Brinson, 2007; Erwin, 2009) ; however, hydrologic models that incorporate future climate scenarios have been demonstrated to reduce uncertainty in a limited number of studies (e.g., Lee et al., 2015) . For example, long-term numerical modeling of montane wetlands in California indicated that climate change will cause shifts in wetland type due to changes in hydrologic regime, while some ephemeral wetlands may disappear completely (Lee et al., 2015) . Johnson et al. (2005) found that climate change could lead to major shifts in hydrologic regimes and regional shifts in wetland composition and wetland condition for wetlands in the Prairie Pothole region of the Midwest.
The field-scale hydrologic model DRAINMOD has been demonstrated as a useful tool for accurately simulating the long-term daily water level fluctuations in natural, forested wetlands (e.g., Caldwell et al., 2007 Caldwell et al., , 2011 He et al., 2002) . This study extends the application of DRAINMOD, in conjunction with an ensemble of high-resolution, downscaled climate change projections, to evaluate the impacts of climate change on wetland hydrology, at the site scale, of two wetlands located in the southeastern U.S. The specific objective of this study was to assess the range of possible impacts of climate change on the hydrologic regimes of non-riverine, non-tidal wetlands in North Carolina's Coastal Plain by evaluating changes in (1) mean annual water table depth, (2) mean monthly water table depth, and (3) jurisdictional hydrology status through the end of the century.
METHODS AND MATERIALS

SITE DESCRIPTIONS
Two sites were selected to simulate the impacts of climate change on Coastal Plain wetlands in North Carolina (fig. 1 ). The Great Dismal Swamp (GDS) site (36° 30 15.5 N, 76° 21 31.7 W) is located in Great Dismal Swamp State Park in Camden County, North Carolina. The 30-year average annual rainfall was 124 cm, and the average temperature was 16.4°C. The area is populated by mature cypress (Taxodium distichum), black gum (Nyssa sylvatica), and red maple (Acer rubrum). The hydrogeomorphic wetland type is most nearly an organic soil flat. The mapped soil series was Belhaven muck (loamy, mixed, dysic, thermic Terric Haplosaprists) (NRCS, 1995) . While a network of canals was used to drain the swamp in the vicinity of the study area, the nearest ditch to the monitored area was more than 150 m away. Coupled with the soil type, the effects of that ditch on the hydrology of the study area were assumed minimal. Because of the historical disturbance associated with the Great Dismal Swamp (ditching and draining for logging) (Lichtler and Walker, 1974) , very few undisturbed areas are left. The study area was assumed to be representative of best available or minimally disturbed conditions based on the limited influence of drainage and the mature forest community.
The second site was a forested, non-riverine, depressional bottomland hardwood wetland adjacent to the North River Farms Wetlands Preserve (NRF site) (34° 48 56.3 N, 76° 34 15.8 W) in Carteret County, North Carolina. The 30year average annual precipitation was 148 cm, and the average temperature was 17.6°C. This site was designated as a reference tract during wetland restoration work in the surrounding former agricultural areas (Jarzemsky et al., 2013) . The site was primarily vegetated with black gum (Nyssa sylvatica), red maple (Acer rubrum), and redbay (Persea borbonia). The soil series underlying the reference tract is Deloss (fine-loamy, mixed, semiactive, thermic Typic Umbraquults) (NRCS, 1987) . While the reference area was minimally disturbed, several legacy ditches from decades-old historical forestry operations existed nearby, but they were more than 200 m from the monitored area and, similar to the GDS site, exerted minimal influence on the hydrology of the site.
WATER LEVEL MONITORING
A water table monitoring well was installed to a depth of approximately 150 cm at each site following the U.S. Army Corp of Engineers (USACE) monitoring well installation guidelines (USACE, 2005) . The well was located at approximately average elevation of the wetland microtopography (i.e., not on a hummock or in a hollow). The well at GDS was equipped with a HOBO water level data logger (Onset Corp., Bourne, Mass.), and the well at NRF was instrumented with an Infinity water level logger (Infinities USA Inc., Port Orange, Fla.). The data logger recorded hourly water level measurements that were converted to daily observations for model calibration by selecting the last observation of each day to match the output format of the DRAIN-MOD model. The data from the NRF site were collected by Jarzemsky et al. (2013) from January 2006 to December 2008, and the data from the GDS site were collected by Kamrath (2018) from January 2015 to December 2016.
DRAINMOD MODEL
DRAINMOD is a process-based hydrologic model that was developed to simulate drainage and water table fluctuations on low-gradient, poorly drained agricultural lands with evenly spaced parallel drains (Skaggs, 1980) . The model has since been applied to successfully simulate the daily water table fluctuations in natural, non-riverine wetlands (e.g., Caldwell et al., 2007 Caldwell et al., , 2011 Chescheir et al., 2008; He et al., 2002) , as well as wetland restoration projects (Petru et al., 2014) . DRAINMOD has also been used to model the impacts of climate change on the performance of stormwater control measures in North Carolina (Hathaway et al., 2014) . DRAINMOD simulations are based on a water balance approach for a unit area of soil at the midpoint between parallel drains. For more information about the model processes, see Skaggs (1980) and Skaggs et al. (2012) .
DRAINMOD MODEL INPUTS
Soil Data
Site-specific soil parameters were not measured for this study; however, it has been demonstrated that reasonable results can be achieved using inputs that were not measured on-site (Borin et al., 1999; Messer, 2015) . In addition, DRAINMOD soil inputs obtained from field measurements typically still need adjustment during the calibration process (Skaggs et al., 2012) because there is considerable spatial variability in soil properties (Skaggs and Nassehzadeh-Tabrizi, 1986) . This spatial variability is especially true for forest soils, where the hydrologic conductivity and other parameters tend to vary considerably due to tree roots. As a result of root systems, forest soils have higher hydraulic conductivity, higher porosity, and lower bulk density than agricultural soils (Osman, 2013) .
Soil inputs to the DRAINMOD model include hydraulic conductivity, layer thickness, and soil water characteristic derived parameters. For this project, layer depths and saturated hydraulic conductivity were estimated from county soil survey soil series descriptions (NRCS, 2018) , and adjusted during the calibration process. The hydraulic conductivity was initially increased in the top layer of the profile to account for the presence of tree roots and adjusted during the calibration process. Soil water characteristic data for the Deloss and Belhaven muck soils were estimated from previous projects on similar soil series. Initial soil water characteristic related inputs for the NRF site were obtained from Wright (2005) , while inputs for the GDS site were estimated from Skaggs and Chescheir (2002) . Soil inputs for both sites were then adjusted during the calibration process.
Weather Data
DRAINMOD requires hourly rainfall and daily minimum and maximum temperature inputs. Daily rainfall data can be disaggregated to hourly inputs using the Weather Utility in the DRAINMOD program. The daily rainfall is typically distributed over a 4 h period and centered on the hours of 6:00 a.m. or 6:00 p.m. (i.e., starts at 4:00 a.m. or 4:00 p.m.) to minimize the impacts on the calculation of ET, which is calculated from 6:00 a.m. to 6:00 p.m. in the model (Skaggs et al., 2012) . Temperature and rainfall data for model calibration and past climate simulations were obtained for the nearest station in the North Carolina Climate Office network of weather stations (NCSU, 2017) . The weather stations for each site are shown in table 1. On-site rainfall data for the calibration process were collected at the NRF site using a tipping-bucket rain gauge (Davis Instruments, Hayward, Cal.) by Jarzemsky et al. (2013) . The GDS model was calibrated and validated using the weather station data.
The daily minimum and maximum temperatures are used to calculate PET using the Thornthwaite method in DRAIN-MOD. The Thornthwaite method tends to overestimate PET during the summer and underestimate PET during the fall, winter, and spring (Skaggs et al., 2012) . To account for this Amatya et al. (1995) . The calculation of ET in DRAINMOD is dependent on soil water availability; if sufficient water is available, then ET is set equal to PET. However, if soil water is limiting, ET is set equal to the upward flux value (Skaggs, 1980) .
Other Model Inputs
Minor surface depressional storage and surface depressional storage are parameters that govern the drainage rate calculation method and depth of ponding before surface runoff occurs, respectively. These parameters were initially set based on observations from the sites and then adjusted during the calibration process. Root depths were set equal to 45 cm as this is generally accepted as a reasonable depth for forested wetlands in North Carolina (Skaggs et al., 1994) . Deep seepage to the surficial aquifer was assumed negligible for both sites based on previous studies of Coastal Plain wetlands in North Carolina (e.g., Skaggs et al., 1991) .
MODEL CALIBRATION
The models were calibrated by adjusting parameters to minimize the mean absolute error (MAE) between the observed and predicted water levels. The MAE is a common calibration metric used for DRAINMOD simulations of wetland hydrology (e.g., Caldwell et al., 2007; Petru et al., 2014) . The MAE was calculated using equation 1:
where MAE = MAE between predicted and observed values P i = model-predicted value at time i O i = observed value at time i n = number of observations. The calibration and validation were assessed using the Nash-Sutcliffe efficiency (NSE) between the daily observed and simulated water levels. DRAINMOD simulates the water level between parallel drains, using the Hooghoudt and Kirkham equations, depending on the location of the water table (Skaggs et al., 2012) . However, given that these natural wetlands lack artificial drainage systems, the drain depth and spacing are treated as additional calibration parameters that lack a physical analog and are adjusted to best simulate the observed water table fluctuations (Caldwell et al., 2007) . The model calibration process generally followed the procedure outlined by Caldwell et al. (2007) .
CLIMATE PROJECTIONS
The selection of climate models is a critical step in the process of assessing climate change impacts (Lutz et al., 2016) because the uncertainty among the range of models may be the single largest source of uncertainty in the modeling process (Finger et al., 2012; Lutz et al., 2016) . The latest generation of climate models from the World Climate Research Programme's Coupled Model Intercomparison Project (CMIP5) are based on four greenhouse gas concentration scenarios, or Representative Concentration Pathways (RCP), that were adapted by the Intergovernmental Panel on Climate Change (IPCC): RCP2.5, RCP4.5, RCP6.0, and RCP8.5. The RCPs represent scenarios in which future greenhouse gas concentrations increase at different rates depending on development and mitigation scenarios. RCP4.5 and RCP8.5 are the two RCPs often selected for climate change assessments (e.g., Hathaway et al., 2014; Lutz et al., 2016) and are the most widely available for downscaled (i.e., local) climate projections (USGS, 2014). RCP4.5 represents an intermediate concentration scenario in which emissions peak around 2040, and RCP8.5 represents a high-end concentration scenario in which CO 2 emissions continue to increase through the end of the 21st century (van Vuuren et al., 2011) .
A group of universities and government agencies, headed by the U.S. Bureau of Reclamation (USBR), provided access to statistically downscaled climate projections across the U.S. (USBR, 2017) . The downscaled daily minimum and maximum temperature and precipitation projections were obtained from the group's Downscaled CMIP3 and CMIP5 Climate and Hydrology Projections archive (https://gdodcp.ucllnl.org/downscaled_cmip_projections/). The downscaled projections were provided at a 4 km grid resolution, and the models were downscaled using the localized constructed analogs (LOCA) statistical downscaling method (Pierce et al., 2014) . While there are many statistical downscaling methods, the LOCA method better reproduces extreme events and reduces (although does not eliminate) the problem of many days with very low rainfall totals (i.e., drizzle) that is a common issue with other downscaling methods (Pierce et al., 2014) . Thirty-two different downscaled climate model projections were obtained for both RCP4.5 and RCP8.5 for this analysis.
Climate Model Selection
With the large number of climate models available (table A1 in the Appendix), steps must be taken to reduce the total number of models for climate change impact assessments (Lutz et al., 2016) . There are two primary methods for selecting a climate model for climate change assessment. The first is uncertainty-based selection (also referred to as envelope-based selection) in which models are selected to encompass the range of possible climate futures. The other is a performance-based approach in which the models that best replicate historical climate observations are selected (USBR, 2016) . Performance-based selection may seem like a more intuitive option; however, a link between a model's ability to simulate historical climate and its accuracy in projecting future climate change has not been demonstrated (Knutti et al., 2010) . In addition, model ranking may change based on the metric used to compare the model output to historical observations (USGS, 2014) .
The method used in this study was an adaption of the uncertainty-based approach from USBR (2016). This method aims to select models that represent the range of future uncertainty in changes to mean annual temperature and precipitation. In the first step, changes in mean annual precipitation and temperature were calculated for each model between a base 30-year period and the future period in which the impacts of climate change were being evaluated . Next, the calculated changes for all the models were plotted as the change in mean temperature versus the percentage change in mean precipitation (fig. 2) . The 10th and 90th percentiles and the means of precipitation change (P) and temperature change (T) were then calculated. The pairs of these calculated percentiles represent the ranges of possible climate futures. The 10th and 90th percentiles were used instead of the extremes to minimize the chance of selecting possible outliers (Lutz et al., 2016) . For example, the 10th percentile of T and the 90th percentile of P represent a "warm-wet" outcome in which the projected temperature increase is lowest and the projected precipitation increase is greatest among the models. The 90th percentile of T and the mean of P represents a "hot-average P" scenario. The other pairs follow the same logic. After the changes in precipitation and temperature between the two periods were calculated, the model in closest proximity to the given percentile pair (e.g., warm-dry), based on standardized Euclidian distance, was selected. In summary, the original 32 models were reduced to nine models, representing the range of climate futures ( fig. 2 ). All calculations and plots were completed in R 3.4 (R Core Team, 2017) . Once a final model was selected for each RCP (4.5 and 8.5) and scenario (i.e., hot-dry, cold-wet, etc.), the corresponding projections for minimum temperature, maximum temperature, and daily precipitation were used to create DRAINMOD input files in the DRAINMOD Weather Utility. Simulations were run using the calibrated models for each climate model scenario from 1986 to 2099. In addition, simulations were run from 1986 to 2015 using observed weather data. The impacts of climate change were evaluated based on comparing the model output for a base 30-year period to future 30-year periods to evaluate the change in average wetland hydrologic conditions. A summary of the model simulation scenarios is provided in table 2.
JURISDICTIONAL WETLAND STATUS AND GROWING SEASON
Jurisdictional wetland hydrology is defined by the USACE as a period of continuous saturation or inundation within 30 cm of the soil surface for a period of 14 days during the growing season in most years (at least 50%) (USACE, 2005) . The USACE wetland delineation manual states that the growing season, for wetland evaluation purposes, can be approximated as the frost-free period defined by beginning and ending dates based on a 28°F (-2.2°C) air temperature threshold at a 50% frequency (USACE, 2005 (NRCS, 2017) .
The increase in average temperature because of climate change is projected to increase the growing season length throughout the U.S. (Walsh et al., 2014) . To incorporate the effects of increased growing season length on the wetland jurisdictional status of these sites, the frost-free growing season (i.e., temperature threshold 28°F at a frequency of five years in ten) was calculated for each of the models following the methods used by the NRCS for compiling the WETS tables (USACE, 2005) . The average overall mean projected increase in growing season length was calculated for each RCP and divided evenly over the beginning and end of the growing season for the evaluation. For example, if the growing season increased by 30 days, then 15 days were added to the beginning and end of the growing season.
RESULTS AND DISCUSSION
DRAINMOD CALIBRATION
The models were calibrated to minimize the MAE between the daily observed and modeled water levels. The MAE and NSE values exceeded the thresholds identified by Skaggs et al. (2012) for satisfactory model fit. The model calibration and validation results are shown in table 3 and figure 3.
Overall agreement between the modeled and observed water tables was better at the GDS site (MAE = 6.3 cm) compared to the NRF site (MAE = 13.4 cm); however, the range of observed water table fluctuations at the NRF site was almost double that observed at the GDS site. The error observed using DRAIN-MOD tends to increase as the range and depth of water table fluctuations increase (Yang et al., 2007) . The final parameter values used in the calibrated models are shown in table 4. These values were within the ranges reported for previous studies that used DRAINMOD to simulate the hydrology of wetlands (e.g., Caldwell et al., 2007; He et al., 2002; Petru et al., 2014) and within the ranges identified by Skaggs et al. (2012) for DRAIN-MOD model parametrization.
While the calibration results mostly met the criteria for good or excellent for the fit statistics from Skaggs et al. (2012) , several sources of error likely contributed to the differences observed between the modeled and observed water table. First, the lack of field-measured soil parameters was a likely source of error, especially given that forest soils differ considerably from agricultural soils. In addition, DRAINMOD relies on the Thornthwaite method for the calculation of PET. The Thornthwaite method was developed for agricultural soils and crops (Lu et al., 2005) . There are differences for PET in forest ecosystems that the Thornthwaite method cannot accurately account for, specifically transpiration re-lated to stomatal resistance. The PET correction factors can be adjusted to account for some of the differences, and DRAINMOD has been successfully used to simulate the long-term hydrology of forested wetlands (e.g., Caldwell et al., 2011) , but this is a likely source of error. In addition, for the GDS site, model calibration was completed with offsite rainfall data (approx. 12 km from the site), which could result in missed, overpredicted, or underpredicted rainfall at the site, depending on the precipitation patterns during the calibration period.
CLIMATE MODEL SELECTION
The ensemble of climate models selected based on the changes in mean precipitation and temperature between the base period and future period (2070-2099) are shown in figure 4 . The models identified for the end-of-century period were also used to evaluate changes for the mid-century period . The final models selected for each site and scenario are shown along with the projected changes in mean temperature and precipitation in table 5.
There are multiple levels of uncertainty regarding the climate modeling process, including the trajectories of future emissions, the response of the global climate to changes in emissions, and the future uncertainty regarding the range of natural climate variability (Mote et al., 2011) . The uncertaintybased selection process employed here only evaluated changes in mean temperature and precipitation. Changes to precipitation patterns and extreme events were not considered, along with other variables that could influence wetland processes such as solar radiation. As a result, the outcomes presented here do not necessarily represent the full range of climate futures (USBR, 2016) . In addition, model-to-model variability resulting from differences in the underlying model parameterization and process simulations represents an additional uncertainty that was not evaluated. However, given the inherent limitations, this approach presents a credible method for evaluating the range of projected changes in mean temperature and precipitation, the primary drivers of variability in non-riverine wetland hydrologic regimes, and the core weather inputs to the DRAINMOD model.
In addition, it is important to recognize that there are some inherent biases in climate models. For example, climate models tend to overpredict the number of days on which rainfall occurs (Pierce et al, 2014) . Therefore, while average rainfall totals may be similar, climate models predict many days on which a very small amount of rainfall occurs (e.g., <2 mm). For example, over the observed 30-year base period at the GDS site, rainfall was recorded on an average of 123 days per year. The average number of days the cli-mate models projected rainfall was 217 days per year, but 95% of the rainfall occurred in about 123 days. Therefore, the climate models predicted about 95 days per year with precipitation <2 mm. This error is the result of inherent in-accuracies in the simulation of precipitation in global climate models (Pendergrass and Hartmann, 2014) as well as difficulties associated with downscaling precipitation from global climate models to the local scale (Pierce et al., 2014) . Because this was a problem for both the base period and future simulation of precipitation in the model projections, it was assumed that is would have minimal impact on the estimation of relative changes in water table depth.
DRAINMOD CLIMATE MODEL RESULTS
Changes to Mean Annual Water Level
The predicted water levels for the future climate scenarios were compared based on 30-year evaluation periods, which are typically used to assess average conditions for climate change assessments (USGS, 2014) . Model results were eval-uated based on changes in mean water table depth relative to the base period. The changes in mean annual water level for each scenario are shown in table 6. For the GDS site, the mean annual water level declined by 0 to 37 cm and by 14 to 43 cm by the middle of the century (2040-2069) for the RCP4.5 and RCP8.5 projections, respectively. The mean water level declined more for the end-of-century period (2070-2099), with mean projected declines of 9 to 54 cm for RCP4.5 and 24 to 75 cm for RCP8.5. Observed and modeled water levels at the NRF site were lower than the GDS site. The water table was at or above the surface about 20% of the time for the base modeled scenario at the GDS site, while the water level never reached the surface for the base modeled scenario at the NRF site. For the NRF site, the range of projected declines in mean annual water level were greater than those for the GDS site. Mid-century (2040 Mid-century ( -2069 declines were projected to range from 13 to 54 cm for RCP4.5 and from 18 to 50 cm for RCP8.5. For the end-of-century period , mean water levels were projected to decline by 4 to 61 cm for RCP4.5 and by 27 to 84 cm for RCP8.5.
Some of the smaller projected changes in mean water table levels were a result of the climate models that projected large increases in mean precipitation (>10%) or small mean temperature changes (<1.5°C). These results suggest that a significant increase in precipitation may offset warming and limit potential impacts on wetland hydrology. A similar finding was reported by Johnson et al. (2005) . In addition, if warming can be limited to less than 1.5°C, the impacts may be less severe. The least projected warming and greatest increase in precipitation did not always correspond with the smallest declines in water level, and and future evaluation period .
T = change in mean annual air temperature (°C) between base period and future evaluation period . the driest and hottest scenarios did not always result in the largest water table declines. For some scenario and RCP combinations, declines in water table are actually projected to be greater for RCP4.5 than for RCP8.5. This can likely be explained by internal model variability with regard to seasonal temperature and precipitation patterns that cannot be adequately explained by mean changes between the evaluation periods. Overall, the mean water level in both wetlands is projected to decline by the end of this century for all scenarios; however, the impacts may be limited if warming is limited to the lower end of the RCP4.5 scenario and mean precipitation does not decrease.
Mean Hydropattern
For the GDS site, the mean monthly water level results from the climate model projections for the base modeled period (DRAINMOD output for climate model projected precipitation and temperature for 1986-2015) replicated the model output for the base observed period (DRAINMOD output for observed precipitation and temperature from 1986-2015) well. The NSE values ranged from 0.48 to 0.97 for RCP4.5 and from 0.67 to 0.92 for RCP8. 5 (fig. 5) . These results indicate that the climate model temperature and precipitation were reasonable representations of the observed climate over the base period (i.e., the model output using climate model temperature and precipitation as inputs resulted in similar mean water level as the model output using observed temperature and precipitation as inputs). The climate model data did not recreate the base period conditions as well for the NRF site, with lower overall NSE values of 0.16 to 0.91 for RCP4.5 and -0.05 to 0.87 for RCP8.5, although most values were above 0.5 ( fig. 6 ). This reasonable replication of the base conditions for most scenarios, despite differences in year-to-year precipitation and temperature between the climate model and observations and internal climate model variability, further validated the use of the DRAINMOD model. In addition, for a majority of the scenarios, this agreement for the base period lends more credibility to the long-term results by potentially indicating that the changes observed for future simulations (i.e., 2070-2099) are largely the result of changes to precipitation and temperature, and not results of the methods in which the models simulate different processes or inaccuracies due to DRAINMOD inputs. However, the DRAINMOD model results with the climate model data inputs tended to underpredict the mean monthly water level for October through December. This consistent underprediction could have been the result of an underlying bias in the climate models, such as the inability of the models to simulate sustained precipitation events. Given that the field sites are located adjacent to estuaries, long-duration storm events are common in the winter, and climate models tend to have trouble simulating these types of events (e.g., Kunkel et al., 2013) .
The model results indicate that, for many of the climate change scenarios at the GDS site, declines in mean monthly water level were, not unexpectedly, greatest during the summer and fall, which was likely the result of higher evapotranspiration rates during the summer months (Gilliam and Skaggs, 1981) . However, for the hotter, drier scenarios, water levels declined throughout the year, especially for RCP8.5. At the NRF site, which had much lower mean water levels during the base period than the GDS site, the mean water level declined throughout the year for most of the scenarios. For example, for the RCP8.5 ensemble mean, the average water level declined by about 10 to 15 cm in February and March and then declined by more than 60 cm from June through October by the end of this century for the GDS site ( fig. 5 ). However, for the NRF site RCP8.5 ensemble mean, the average monthly water level declined by more than 50 cm throughout the year (fig. 6 ).
Jurisdictional Hydrology Analysis
The longest continuous period of saturation (i.e., water table within 30 cm of the soil surface) for the model results was computed and compared to the threshold saturation criteria. For the base period , climate model saturation durations were exceeded at frequencies similar to the predictions obtained using long-term observed data (table 7) . For the GDS site, the wetland hydrologic criterion was exceeded in 28 to 30 of 30 years for the base period. Minor decreases in the number of years for which the criterion was satisfied were observed for the mid-century period, but more so for the end-of-century period. The only scenario for which the jurisdictional hydrologic threshold (15 of 30 years) was not met was for RCP8.5 "hotdry" scenario, which corresponds to the greatest temperature increase and precipitation decrease.
The NRF site was much drier than the GDS site, with a deeper average water table, maximum observed water level about 10 cm below the ground surface (compared to at or above the surface at GDS), and a much greater range of observed water table fluctuations during the monitoring period. As a result, the jurisdictional hydrologic criterion was met less often in future scenarios at the NRF site. Failures to meet the criterion were predicted starting during the mid-century period. All model simulations for the base period resulted in similar exceedance percentages. These results indicate that for the wetter site (GDS), while water levels decline, jurisdictional hydrology may still be met except for the extreme scenarios. However, drier wetland sites, such as NRF, may lose wetland jurisdictional status starting at or before the middle of this century. The well locations were near the center of these wetlands, so areas along the edge will likely lose jurisdictional status sooner.
ECOLOGICAL IMPLICATIONS
Wetland ecosystems are dependent on prolonged periods of inundation or saturation to maintain their vegetative communities and provide suitable habitat for wetland-dependent fauna. These ecosystems are especially important in North Carolina, where approximately 70% of the rare and endangered plant and animal species are dependent on wetlands (Fretwell et al., 1996) . Because of the history of wetland losses and degradation in the Coastal Plain of North Carolina (Cashin et al., 1992) , the area of high-quality, minimally disturbed wetlands is relatively small and fragmented. With some of the higher end predictions (i.e., RCP8.5 "hot-dry"), these jurisdictional wetlands are predicted to possibly become legally upland environments. Even if these systems retain jurisdictional status (as is the case for the lower-end scenarios), lower water tables could alter the ecosystem structure and function in several ways because hydrology is the primary ecological driver in wetland ecosystems.
Prolonged drawdown of the water table in organic soil wetland ecosystems can lead to primary soil subsidence due to loss of buoyant forces. The resulting aerated soil profile can lead to oxidation of the stored organic matter, which can lower the surface elevation by more than 2 cm per year (Ewing and Vepraskas, 2006) . Soil subsidence exposes tree roots and likely increases the susceptibility of trees to wind throw during extreme events. In addition to soil subsidence, lower water levels increase the risk of peat fires, which can burn for months and release thousands of years of accumulated soil carbon. For example, a 2011 peat fire in the Great Dismal Swamp burned over 6500 ha in about three months and consumed 2 m of peat soil in some areas. Lower water tables would also influence nutrient cycling in wetland environments. In addition to increased CO 2 release from the oxidation of stored organic matter, specifically recalcitrant humic substances (Reddy and DeLaune, 2008) , drier conditions may reduce the production of methane (which could be viewed as a positive outcome) by decreasing the thickness of the anaerobic zone in which methanogenesis could occur and by increasing methane oxidation to CO 2 (Mitsch and Gosselink, 2007) . These same conditions could lead to changes in nitrogen cycling because of increased mineralization of organic nitrogen, increased nitrification, and decreased denitrification as the result of the soil profile being aerobic for longer periods at greater depths (Reddy and De-Laune, 2008) . For riparian wetlands, lower water levels could lead to increased export of nitrogen, phosphorus, and carbon during high flow events.
Water table drawdowns can also result in changes in the vegetative composition of wetlands. Wetland plant species organize themselves along hydrologic gradients corresponding to their varying tolerance to periods of saturation and inundation (Reddy and DeLaune, 2008) . As wetlands become drier and periods of saturation and inundation become less frequent and shorter, the competitive advantage enjoyed by obligate and facultative wetland plants can diminish; this can result in shifts in vegetative community structure (Mälson et al., 2007) . At the GDS site, cypress trees (Taxodium distichum) may be at risk long-term because of climate change.
Cypress trees can survive in drier conditions and even in upland environments; however, seed germination requires saturated conditions for one to three months (NRCS, 2002) . Thus, climate change may not eliminate the existing cypress trees immediately, but long-term, the species composition would shift to tree species that can become established and better compete under drier conditions (i.e., upland species).
STUDY LIMITATIONS
One of the advantages of DRAINMOD is the processbased nature of the model that allows modeling without specific field-measured values by using inputs from a given range of reasonable values as well as the limited number of weather inputs required (Skaggs et al., 2012) . However, the simplicity of the model also leads to some shortcomings for the application to climate modeling. The most problematic issue with using DRAINMOD for climate change simulations is the fact that DRAINMOD employs the Thornthwaite method to calculate PET. The Thornthwaite method is often used because the only required input is temperature. However, the Thornthwaite method was developed using past atmospheric conditions. As CO 2 , temperature, and solar radiation increase, the relationship between temperature and PET may become even less accurate (Shaw and Riha, 2011) . This is a fundamental shortcoming of using temperaturebased PET methods for climate change modeling, as PET is also dependent on solar radiation, wind speed, and vapor pressure conditions (Shaw and Riha, 2011) . As atmospheric CO 2 concentration increases, transpiration could actually decrease due to increased stomatal resistance (Kirschbaum and McMillan, 2018) . This phenomenon has been demonstrated in greenhouse experiments (Rosolem et al., 2010) .
Therefore, the projected declines in mean water level may be overestimates because the Thornthwaite method may overpredict PET in the future (Shaw and Riha, 2011) . However, downscaled climate model projections for PET are only available at a monthly time step. Downscaled projections for solar radiation are rarely available at a daily resolution. However, there is uncertainty about how PET will be impacted due to several competing factors. While transpiration may decrease due to increased CO 2 , this could be offset by increased plant productivity and increased evaporation because of higher temperature (Pan et al., 2015) . Therefore, with the publicly available climate projections, use of the Thornthwaite method for PET estimation may be the best available means of conducting a climate change modeling assessment until projections for more variables are available. This study only evaluated the implications of future changes to mean precipitation and temperature. Climate change is projected to shift precipitation and temperature patterns and possibly result in more droughts and more intense precipitation events (Carter et al., 2014; Erwin, 2009) . Those changes in the variability of temperature and precipitation patterns will impacts wetlands as well, but they were not directly evaluated in this study.
The NRF site is near the coast, and concurrent sea level rise will also likely affect the surrounding drainage systems. Sea level rise was not considered in this modeling approach, as the goal was to assess the impacts of projected changes to precipitation and temperature. However, a future, more comprehensive evaluation of climate change at this site would consider the impacts of rising sea level and saltwater intrusion on the wetland ecosystem.
CONCLUSIONS
In this project, downscaled climate models were selected from an ensemble of models using an uncertainty-based selection approach. The selected model projections for daily temperature and precipitation were input into DRAINMOD to evaluate the long-term impacts of climate change on two forested wetland ecosystems in the Coastal Plain of North Carolina. The results indicated that water table declines are likely for most climate scenarios by the middle of this century , and larger declines are projected by the end of the century . The only scenarios in which water levels do not decline would be due to a large increase in mean annual rainfall or a combination of limited warming and an increase in precipitation. Projected water level declines were greatest during the growing season, although the extreme warming scenarios indicated that the water table declined throughout the year.
This modeling effort was not meant to make exact predictions or directly quantify the possible impacts, but rather to provide a range of possible future responses to climate change in North Carolina's Coastal Plain wetlands to inform future management strategies. For both sites, if mean warming can be limited to the lower end of the RCP4.5 scenario (<1.5°C by 2100) and mean precipitation does not decrease or increases substantially coupled with moderate warming (<2°C), the impacts may be limited because the modeling results show minimal drawdowns for these scenarios. However, these circumstances are probably unlikely, as recent estimates put the chance of less than 2°C in warming by 2100 at 5% (and less than 1.5°C warming at 1%), given the current trajectory and international emission reduction commitments. The median increase is projected to be closer to 3.2°C (Raftery et al., 2017) . This increase in temperature would likely correspond to a mean water level decline of 25 to 65 cm in these wetlands by the end of this century.
Over the next century, these potential changes could pose significant challenges to ecosystem managers, who will be tasked with protecting sensitive species with increasingly scarce water resources due to climate change (Middleton and Souter, 2016) . The results of this research support the potential need to allocate more water resources to maintaining wetland ecosystem functions in the future. For example, in highly managed wetlands, such as the system of canals and water control structures in the Great Dismal Swamp, more active water management strategies may be needed (such as installing more water control structures to maintain water levels in drainage canals, diverting agricultural drainage water to wetlands, and pumping to maintain water levels during the growing season). Significant resources will likely need to be allocated to these types of projects in the future. However, as the demand for water resources for human consumption, agriculture, and industry increases as population grows, it will be increasingly difficult to balance the demands of society and natural ecosystems (Naiman et al., 1995) .
While this modeling approach is not without limitations, specifically with regard to PET estimates, and a great deal of uncertainty is associated with any climate change impact assessment, the results show that rising temperatures and changing precipitation regimes could severely impact the hydrologic regimes of North Carolina wetlands. These changes to the structure and function of wetlands will lead to a decline or loss of the important ecosystem services that wetlands provide to society.
